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The TE/392J double subgenomic Sindbis (dsSIN) viruses have been used to stably express genes in Aedes aegypti nerve
and salivary gland tissues. However, because these viruses inefficiently infect Ae. aegypti when administered by the per os
route, TE/392J viruses must be intrathoracically inoculated into the mosquitoes to infect these tissues. A Malaysian Sindbis
(SIN) virus isolate (MRE16) does efficiently infect Ae. aegypti midgut tissues after ingestion, and approximately 95% of these
mosquitoes also develop disseminated infections within 14 days. We have sequenced the entire 26S RNA of MRE16 virus and
have developed a chimeric SIN cDNA infectious clone, designated MRE1001, which contains sequence elements of TE/392J
and MRE16 virus. MRE1001 virus efficiently infects midgut cells, and greater than 90% of infected mosquitoes develop
disseminated infections after 14 days extrinsic incubation. The chimeric MRE1001 cDNA clone should allow identification of
viral determinants of midgut infection and dissemination and lead to the development of new SIN virus expression systems.
© 1998 Academic Press
INTRODUCTION
Sindbis (SIN) viruses (genus Alphavirus, family To-
gaviridae) are arthropod-borne viruses that are cycled
principally between Culex and Aedes species of mos-
quitoes and avian vertebrate hosts (Taylor et al., 1955;
Doherty et al., 1977, 1979). SIN viruses have primarily
an Old World distribution and can readily be separated
into European–African and Oriental–Australian genetic
groups by nucleic acid hybridization, RNase T1 finger-
printing, and sequence analyses of the viral genome
(Rentier-Delrue and Young, 1980; Olson and Trent,
1985; Shirako et al., 1991).
SIN viruses contain a plus-sense, single-stranded,
nonsegmented RNA genome of about 11.7 kb (reviewed
in Strauss and Strauss, 1994). The 59 two-thirds of the
genome is translated directly into nonstructural proteins
that form the viral replicase. A subgenomic (26S) RNA,
colinear with the 39 one-third of the genome, is tran-
scribed from a full-length negative-sense RNA interme-
diate and translated into a structural polyprotein. This
polyprotein is cleaved co- and posttranslationally to form
the viral capsid (C) protein and envelope (E1 and E2)
glycoproteins. Two smaller, unpackaged polypeptides
(E3 and 6K) are produced as cleavage products of gly-
coprotein processing. A noncoding region (NCR) at the 39
end of genomic and subgenomic RNAs, contiguous with
a poly(A) tail, contains characteristic repeated sequence
elements (Strauss and Strauss, 1994) and may play a role
in host specificity, possibly through interactions with cel-
lular proteins (Kuhn et al., 1990).
The development of infectious full-length cDNA clones
of SIN virus has greatly facilitated the molecular analysis
of SIN virus gene structure and function by allowing
genetic manipulation of the RNA genome (Rice et al.,
1987). The TE/392J double subgenomic SIN (dsSIN) virus
expression system was derived from infectious cDNA
clones based on the HRSP (heat-resistant small plaque)
and NSV strains of the Egyptian AR339 SIN virus (Burge
and Pfefferkorn, 1966; Hahn et al., 1992; Lustig et al.,
1988). TE/392J viruses contain a second subgenomic
promoter between the end of the structural protein cod-
ing region and the viral 39 noncoding region. In addition
to expression of the genomic and subgenomic mRNAs,
cells infected with recombinant dsSIN viruses produce a
second subgenomic mRNA from which heterologous
protein may be translated. This viral transducing system
has been a powerful tool for efficient, transient gene
expression in vertebrate cells and long-term, stable, cy-
toplasmic expression in invertebrate cells (Hahn et al.,
1992; Higgs et al., 1993; Carlson et al., 1995). Adult
mosquitoes parenterally infected with recombinant TE/
392J viruses express exogenous proteins in tissues such
as salivary glands and neural ganglia (Higgs et al., 1993,
1995, 1996; Kamrud et al., 1997; Olson et al., 1994). TE/
392J viruses also express antisense viral RNA sequences
in salivary glands that effectively block the transmission
of some arthropod-borne viruses (Olson et al., 1996;
Powers et al., 1996).
The nucleotide sequence data reported in this paper have been
submitted to the GenBank nucleotide sequence database and have
been assigned Accession No. U90536.
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Aedes aegypti midgut epithelial cells are not readily
infected with SIN viruses when the virus is administered
parenterally (Bowers et al., 1995; Rayms-Keller et al.,
1995; Olson et al., 1996). This prevents gene expression
in midgut cells that are initial sites of arboviral replication
in a mosquito following ingestion of a viremic blood
meal. A dsSIN virus that efficiently transduces midgut
epithelial cells of Ae. aegypti and expresses genes of
interest in those cells would be an important molecular
biological tool in studying interactions between midguts
and emerging viral pathogens such as dengue and yel-
low fever virus. To increase the tropisms of SIN virus
expression systems in mosquitoes, we have cloned and
sequenced the 26S RNA of MRE16, a strain of SIN virus
that efficiently infects Ae. aegypti orally (Pudney et al.,
1979). An infectious cDNA clone was constructed that
produces a chimeric SIN virus (MRE1001), which con-
tains the 59 and 39 noncoding region (NCR), nonstructural
gene sequences (nsP1–nsP4), and first subgenomic pro-
moter element of the TE/392J virus genome and the
structural gene sequences of the MRE16 virus genome.
The resultant MRE1001 virus infects Ae. aegypti as effi-
ciently as MRE16 virus.
RESULTS
MRE16 virus dissemination in Ae. aegypti
Ae. aegypti ingested a blood meal containing approx-
imately 107 TCID50/ml of MRE16 virus. Midguts and sal-
ivary glands of at least three mosquitoes infected with
MRE16 virus were dissected 3 and 9 days postinfection
(pi). Detection of E1 antigen of SIN virus by IFA indicated
MRE16 virus infections. SIN E1 antigen was detected in
the epithelial cell layer lining the midgut and the respi-
ratory tracheoles of mosquitoes infected with MRE16
virus at day 3 pi (Fig. 3B). At day 9 pi, the SIN E1 antigen
was detected throughout the midgut and overlying mus-
cles, nerves, and tracheoles (Fig. 3D). At day 9 pi, SIN E1
antigen also was detected in all three lobes of the sali-
vary glands of mosquitoes infected with MRE16 virus
(Fig. 3F). In contrast, mosquitoes infected with 100-fold
greater titers of TE/392J/CAT virus displayed only small
foci of infection in the midgut cells on days 3 and 9 pi
(Figs. 3A and 3C) and virus never disseminated to the
salivary glands (Fig. 3E).
The dissemination of MRE16 virus in Ae. aegypti mos-
quitoes was compared with that of TE/392J, TE/392J/CAT,
and TE/392J/D2SGP viruses following blood meal infec-
tion (Table 1). The mutant TE/392J/D2GSP virus was con-
structed to determine if the rate of virus dissemination
increased with deletion of the second subgenomic pro-
moter. The percentages of TE/392J, TE/392J/CAT, and TE/
392J/D2SGP virus-infected mosquitoes that displayed
SIN E1 antigen in head tissues 14 days after infection
were 7.2, 7.5 (total), and 19%, respectively (Table 1). In
contrast, 95% of the mosquitoes ingesting MRE16 virus
displayed viral antigen in head tissues at 14 days pi.
To determine the effect of virus dose on dissemination,
mosquitoes ingested blood meals containing 109 and 107
TCID50/ml of TE/392J/CAT virus. The dissemination rates
were approximately 10 and 5%, respectively (Table 1).
Nucleotide and deduced amino acid sequences
The nucleotide and deduced amino acid sequences of
the MRE16 SIN virus 26S RNA and structural polyprotein
are presented in Fig. 4. The total number of nucleotides
from the 59 end of the 26S RNA leader sequence to the
39 end of the genome, excluding the poly(A) tail, was
4111. The single large open reading frame, encoding
1251 amino acids began with an AUG codon at the 59 end
of the capsid gene and ended with an opal termination
codon at the 39 end of the E1 glycoprotein gene. A single
nucleotide (position 988 within the E3 coding region)
remained unresolved due to a difference in the overlap-
ping sequences of the pMCAP and pME2 clones. For
pMCAP, the base resolved to an adenosine (AAU), re-
sulting in an encoded asparagine residue. The pME2
sequence revealed a guanosine (GAU), resulting in an
aspartic acid at this position (Figs. 1 and 2).
Nucleotide and amino acid sequences of MRE16 virus
were compared with the published HRSP AR339 strain of
SIN virus used in construction of the TE/392J viruses (Table
2). The nucleotide and amino acid sequence divergences
between HRSP AR339 and MRE16 were 24.2% (or 994
nucleotides) and 13.8% (171 amino acids), respectively. Of
the 925 nucleotide differences in coding regions, 73.8%
occurred in the third nucleotide position of the codon and
76.2% were silent. Of the amino acid differences, 48.0%
were considered conservative. The MRE16 26S RNA was 6
nucleotides longer than the HRSP AR339 26S RNA. These
additional nucleotides encoded 2 amino acids in the non-
TABLE 1
SIN virus
Blood meal titer
(TCID50/ml)
Head
tissue/immunofluorescence
results
Positive Total %Positive
TE/392J 108 6 83 7.2
TE/392J/CATa 109 8 76 10.5
107 4 84 4.8
Total 12 160 7.5
TE/392J/D2SGP 108 8 42 19.1
MRE16 107 113 118 95.8
Note. Mosquitoes displaying virus dissemination 14 days after in-
gestion of blood meal containing either dsSIN viruses or MRE16 virus.
a Mosquitoes were infected with blood meals containing two differ-
ent concentrations of TE/392J/CAT virus. The detection of SIN E1 anti-
gen in head tissues by an indirect immunofluorescence assay indi-
cated virus dissemination.
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conserved 59 end of the capsid-encoding segment of the
MRE16 virus genome.
Approximately 44% of the MRE16 26S RNA 59 leader
sequence nucleotides were different from HRSP AR339,
while the 39 NCR was more conserved, with substitutions
in only 16.6% of the nucleotides. In the coding regions,
nucleotide divergence averaged 25.8%. Only the E3-en-
coding region exhibited a significantly greater degree of
divergence (37.0%) than average.
At the amino acid level, concentrations of divergence
occurred in the N-terminal one-third of the capsid pro-
tein, the E3 protein, and in the membrane-spanning do-
main of the E2 glycoprotein (Fig. 5). In contrast, the
C-terminal two-thirds of the capsid protein was highly
conserved; its sequence had diverged only 7% from that
of HRSP AR339, and 8 of the 12 altered amino acids were
conservative substitutions. A putative ribosome binding
domain (Wengler et al., 1992) in the capsid protein had
been precisely conserved, as had the site of autocata-
lytic cleavage of capsid protein from the structural
polyprotein molecule.
The five glycosylation sites within the polyprotein were
functionally intact and no additional NXT/S glycosylation
signals had been introduced into the sequence. In the E3
polypeptide, 19 of the 64 amino acids differed from HRSP
AR339 and only 4 of these were conservative substitu-
tions. Sixty-two of 423 (14.7%) E2 amino acids were
different from HRSP AR339; about 57% of these conser-
vative substitutions.
Residues 170–220 constitute a cell receptor binding
domain of the E2 glycoprotein that is susceptible to
neutralizing antibody (Strauss and Strauss, 1994). Within
this region, MRE16 exhibited only four amino acid differ-
ences from HRSP AR339 (R-172 to G, S-178 to T, I-197 to
V, and T-213 to A) (Fig. 5). A single amino acid change in
this domain has resulted in dramatic alterations in al-
phavirus virulence and tropism (Kerr et al., 1993; Tucker
and Griffin, 1991; Woodward et al., 1991). The transmem-
FIG. 1. Schematic of sequencing strategy for MRE16 26S RNA. The organization of the 26S RNA is depicted with a scale bar showing kilobase
intervals; C, capsid; E2 and E1, envelope glycoproteins; E3 and 6K, unpackaged polypeptides; NCR, 39 noncoding region. Thick bars represent the
four overlapping cDNA clones of segments of the viral 26S RNA; pMCAP, pME2, pME1, and p39NCR. Numbers at either end of each bar denote the
primers (listed below schematic) used for RT/PCR amplification of each clone. Arrows represent the direction and length of sequences obtained from
each of the clones.
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brane domain of the MRE16 E2 glycoprotein significantly
diverged from HRSP AR339 E2 with substitutions in 13 of
26 amino acid residues (Fig. 5). Most of the substitutions
were conservative, and the number of hydrophobic res-
idues was unchanged. The C-terminal 33 amino acids of
E2 comprise the cytoplasmic domain of the glycoprotein,
believed to interact with the nucleocapsid during assem-
bly. Twelve of the 33 residues are invariant among al-
phaviruses, suggesting a conserved structure that is
important to the interaction (Strauss and Strauss, 1994).
MRE16 conformed to this model; its sequence differed
from HRSP AR339 at seven locations in this domain, all
outside of the conserved residues.
The 55-amino-acid 6K protein of MRE16 differed by
only 8 amino acids (14.5%) from HRSP AR339, and half of
these were conservative substitutions. The 6K protein
has been found to be important for alphavirus assembly
(Liljestrom et al., 1991) and is incorporated into virions in
small amounts (Gaedigk-Nitschko and Schlesinger,
1990), though its exact role in unknown.
The E1 glycoprotein was the most conserved, at the
amino acid level, of the proteins encoded by the MRE16
26S RNA. There were 50 amino acid differences from
HRSP AR339 (11.4% divergence), and 48% of them were
conservative substitutions. A putative fusion domain
(Strauss and Strauss, 1994) within E1 had been exactly
conserved. The transmembrane domain of E1 has not
been precisely mapped, though the alphavirus E1 is
known to have a cytoplasmic tail consisting of only the
C-terminal 2 arginine residues (Rice et al., 1982). The
presumed 28-residue membrane-spanning segment of
the MRE16 E1 protein differed by only 4 amino acids from
HRSP AR339. All of these differences were conservative,
hydrophobic substitutions.
The 39 NCR sequence data obtained from MRE16 were
added to a phylogenetic analysis of SIN strains per-
formed by Shirako et al. (1991). The nucleotide se-
quences of the 39 NCRs of four African–European iso-
lates (including AR339) and three Asian–Australian iso-
lates (including MRE16) were aligned and revealed that
the MRE16 isolate is more closely related to Australian
and Indian strains than to the African–European strains
of SIN (data not shown).
Chimeric MRE1001 SIN virus
A chimeric SIN virus was constructed which contained
sequence elements of both MRE16 and TE/392J viruses.
FIG. 2. Assembly of the chimeric SIN cDNA infectious clone MRE1001. (A) pMCAP, pME2, and pME1 were assembled utilizing unique restriction
endonucleases XmnI and SalI in the capsid and 6K coding regions of MRE16 and a BamHI site in the plasmid. (B) The assembled plasmid
pMCAP/E2/E1. (C) PCR amplification of the assembled structural gene coding region was performed using primers made from sequences at each
end of the open reading frame. Each primer contained an XbaI sequence at the extreme 59 end allowing ligation of the MRE16 cDNA into the XbaI
site of the pSINrep5 replicon. (D) pMRE1001 chimeric SIN infectious cDNA. Horizontal arrows indicate SIN genomic and subgenomic RNA promoters.
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FIG. 3. Detection of SIN E1 antigen in Ae. aegypti midgut and salivary gland tissues after ingestion of blood meals containing TE/392J/CAT and
MRE16 viruses. Midgut epithelial cells of mosquitoes infected with (A) TE/392J/CAT and (B) MRE16 viruses at day 3 pi (original magnification, 403).
Midgut epithelial cells of mosquitoes infected with (C) TE/392J/CAT and (D) MRE16 viruses at day 9 pi (original magnification, 403). Salivary gland
tissues of mosquitoes infected with (E) TE/392J/CAT and (F) MRE16 viruses at day 9 pi (original magnification, 203). SIN E1 was detected by IFA using
monoclone 30.11a as the primary antibody.
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cDNA from pMCAP, pME2, and pME1 was assembled to
generate a single cDNA containing the complete open
reading frame encoding the structural proteins of MRE16
virus. This cDNA was then inserted downstream of the
subgenomic RNA promoter of pSINrep5, which contains
cDNA of the replication competent, packaging incompe-
tent SIN virus replicon producing pMRE1001. Following in
vitro transcription of pMRE1001 and electroporation of
the RNA into BHK-21 cells, 8.0 log10TCID50/ml of virus
was generated at 36 h posttransfection. The resultant
MRE1001 virus was replication and packaging compe-
tent and transcribed a subgenomic mRNA that encoded
the structural proteins of MRE16 virus (data not shown).
Virus was passed once in C6/36 cells and a blood
meal was made with a virus titer of 7.5 log10TCID50/ml.
The ability of MRE1001 virus to infect midguts was then
analyzed by detecting SIN E1 antigen using IFA (Fig. 6).
MRE16 and MRE1001 viruses displayed similar spatial
patterns of immunofluorescence in midgut epithelial
cells by 14 days pi (Figs. 6A and 6C, respectively); how-
ever, the intensity of immunofluorescence was greater in
mosquitoes infected with MRE1001 (Figs. 6A and 6C).
The significance of this latter observation awaits more
quantitative determinations of virus replication in midgut
tissues. Immunofluorescence also was observed in sur-
rounding muscle and tracheole tissues of the anterior
midgut tissues (Figs. 6B and 6D, respectively). At 14 days
pi, mosquitoes infected with TE/392J virus displayed SIN
E1 only rarely in midgut epithelial cells and not at all in
surrounding midgut muscle, nerve, or respiratory (trache-
ole) tissues (Figs. 6E and 6F).
Finally, head tissues of mosquitoes orally infected with
TE/392J, MRE16, or MRE1001 viruses were analyzed by
immunofluorescence for the presence of E1 antigen at 14
days pi (Table 3). Only 11.3% (9/80) of TE/392J-infected
mosquitoes exhibited disseminated infections. In con-
trast, 96.3% (77/80) of MRE16-infected and 91.3% (73/80)
of MRE1001-infected mosquitoes were positive for SIN
E1 antigen in head tissues. Dissemination of MRE16 and
MRE1001 viruses did not differ statistically (P 5 0.81);
however, both viruses more efficiently established dis-
seminated infections than TE/392J virus (P , 0.01).
DISCUSSION
The chimeric SIN MRE1001 virus is phenotypically
similar to MRE16 virus in its ability to infect orally and
disseminate in Ae. aegypti mosquitoes. Dissemination
rates were .90% for the two viruses. In contrast, ,10%
of the mosquitoes orally infected with TE/392J and TE/
392J/CAT dsSIN viruses displayed disseminated infec-
tions. Less than 20% of the mosquitoes infected with
TE/392J/D2GSP virus had disseminated virus, suggesting
that the additional subgenomic promoter sequence was
not a significant factor in inhibiting virus dissemination.
Inefficient midgut infection and dissemination rates as-
sociated with the TE/392J SIN transducing viruses may
be due to the origin of the viral glycoproteins. The E2 and
E1 coding regions of TE/392J virus were derived from a
neurovirulent NSV strain of SIN virus (Lustig et al., 1988;
Hahn et al., 1992). However, amino acid substitutions in
the NSV strain have not been shown to significantly
affect oral infection of Ae. aegypti (Jackson et al., 1993).
The 26S noncoding regions function in viral replica-
tion, probably in association with host cellular proteins.
Mutations in these sequences yield differences in virus
production depending on the type of host cell used
(Durbin et al., 1991; Kuhn et al., 1990, 1992). Significant
divergence was found in the noncoding leader sequence
upstream of the structural polyprotein open reading
frame. It is possible that this region plays a role in the
recruitment of cellular factors to the promoter that may
differ depending on the species of the host. The nucle-
otide sequence of the 39 NCR was more conserved.
TABLE 2
Region
Nucleotides Amino acids
Total %
% total 3rd
nucleotidea Total %
Percentage total
conservativeb
26S leader 21 43.8 — — — —
Capsidc 179 22.4 74.9 32 12.2 46.9
E3 71 37.0 57.7 19 29.7 21.1
E2 317 25.0 75.1 62 14.7 56.5
6K 33 20.0 66.7 8 14.5 50.0
E1 323 24.5 77.1 50 11.4 48.0
39 NCRd 53 16.6 — — — —
Total 994 24.2 73.8 171 13.8 48.0
Note. Differences between AR339 HRSP and MRE16 virus RNA and amino acid sequences.
a Nucleotide differences occurring at codon third positions in translatable regions.
b Amino acid differences considered conservative: R 5 K, S 5 T, D 5 E, Q 5 N, V 5 L 5 I 5 M, A 5 G 5 V, Y 5 F.
c Insertions in the nonconserved 59 end of the capsid-encoding sequence of MRE16 are not included in calculations.
d Gaps introduced in the 39 NCR of either virus to align sequences are included in calculations.
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Within this region, three 40-nucleotide repeat elements
(Fig. 3) exhibit an even greater degree of conservation
among SIN isolates than the region as a whole (Shirako
et al., 1991). The repeat sequences in this region of the
genome probably interact with host proteins and minor
differences in sequence could potentially modulate virus
replication in different host species or in various tissues
within a given host organism. However, MRE1001 virus
efficiently infected mosquitoes by the per os route of
infection, suggesting that the 59 and 39 NCR regions are
not critical determinants in enhanced midgut infections.
The enhanced midgut infectivity of MRE1001 virus sug-
gests that determinants of midgut tropism reside in the
structural genes. The N-terminal domain of the capsid
protein is not conserved among alphaviruses and is
thought to protrude into the interior of the nucleocapsid,
where it interacts electrostatically with the viral RNA
(Strauss and Strauss, 1994). The amino acid substitu-
tions in this domain of MRE16 and MRE1001 viruses
would not appear to result in any change in this function
from the HSRP AR339 virus. Coupled with the high de-
gree of conservation in the C-terminal two-thirds of the
protein, there do not appear to be any significant differ-
ences in the capsid proteins of the two viruses that
would alter host specificity.
A high degree of nonconservative amino acid diver-
gence was found in the E3 polypeptide of MRE16 virus.
E3 functions as the N-terminus of PE2 (pre-E2 glycopro-
tein) as it is processed in the endoplasmic reticulum and
Golgi apparatus, dimerizes with E1, and is transported to
the plasma membrane (Strauss and Strauss, 1994). The
functional significance of E3, other than providing the
signal sequence for translocation of the PE2/6K/E1
polyprotein into the endoplasmic reticulum, is unknown.
However, studies with SFV have shown that E3 cleavage
from PE2 occurs at different stages in glycoprotein pro-
FIG. 5. Comparison of deduced structural polyprotein sequences of MRE16 and HRSP AR339 SIN viruses. The amino termini of each final protein
product are labeled accordingly. Amino acid differences between the two viruses are highlighted in bold print. Asterisks denote glycosylation sites.
Important functional domains are indicated by overlying bars and are labeled.
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FIG. 6. Detection of SIN E1 antigen in Ae. aegypti midgut tissues 14 days after ingestion of blood meals containing selected viruses. Midgut
epithelial cells of mosquitoes infected with (A) MRE16, (C) MRE1001, and (E) TE/392J viruses (original magnification, 403). Muscle tissues surrounding
anterior midgut showing infection with (B) MRE16, (D) MRE1001, and (F) TE/392J. Original magnifications were 403 (B and D) and 203 (F). Arrows
identify location of tracheoles associated with the midgut. SIN E1 was detected by IFA using monoclone 30.11a as the primary antibody.
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cessing in vertebrate cells than in mosquito cells (de
Curtis and Simons, 1988; Naim and Koblet, 1990; Scharer
et al., 1993). Such differences may be important in the
stability of glycoprotein dimers or in the membrane lo-
calization of virus budding from polarized cells of differ-
ent host species. Cleavage of E3 from PE2 is thought to
be catalyzed by a furin-like host-specific serine protein-
ase (Steiner et al., 1992; Strauss and Strauss, 1994). The
furin cleavage signal (RXK/RR) at the C-terminus of E3
has been functionally maintained in MRE16. It would be
very interesting to examine species-specific differences
in glycoprotein processing to clarify the role of E3.
Differences in the glycoproteins are potentially very
significant with regard to host specificity, especially
amino acid changes in the ectodomains where specific
cellular interactions occur. Tucker and Griffin (1991) dem-
onstrated that a single nucleotide change in the SIN E2,
resulting in an R-172 to G amino acid substitution,
caused increased neurovirulence in weanling mice.
Woodward et al. (1991) showed that a single amino acid
change in an E2 epitope of the TC-83 strain of VEE (I-207
to F) caused decreased oral infectivity in Ae. aegypti
mosquitoes. We found four amino acid substitutions in
the E2 cell receptor binding domain of MRE16 relative to
the prototype SIN. A logical next step in our analysis of
the determinants of mosquito infectivity would be to test
each of these changes individually and in combination.
Additionally, it is now possible to substitute whole genes
such as PE2 and E1 of MRE16 virus into either TE/392J or
TE/392JD2SGP virus to assess their effect on midgut
infection and dissemination in Ae. aegypti. Finally, the
replacement of the SIN structural genes in the expres-
sion vector pTE/392J with cDNA encoding the structural
genes of MRE16 virus should allow the development of a
dsSIN virus that will efficiently express genes of interest
in the Ae. aegypti midgut.
MATERIALS AND METHODS
Virus and cells
The SIN MRE16 strain was originally isolated from a
pool of Culex tritaeniorhynchus mosquitoes collected in
Malaysia between 1966 and 1969 (Pudney et al., 1979).
The virus was isolated in Ae. psuedoscutellaris AP61
cells (Varma et al., 1974) and passaged exclusively in
either AP61 or Ae. albopictus C6/36 (Igarashi, 1978) cells.
Cells were maintained in Liebovitz (L-15) medium sup-
plemented with 5% fetal calf serum, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin at 28°C. All SIN viruses were
routinely amplified in C6/36 cells by infecting at
0.01 m.o.i. and incubating at 28°C for 48–72 h.
TE/392J SIN plasmids
The construction of pTE/392J has been previously de-
scribed (Hahn et al., 1992). pTE/392JD2SGP was pro-
duced to generate a mutant TE/392J virus in which the
second subgenomic promoter was deleted. pTE/
392JD2SGP was constructed by excision of the ApaI
(11,386 bp) to XbaI (11,550 bp) DNA segment from pTE/
392J. The plasmid fragment was purified by agarose gel
electophoresis and reacted with T4 DNA polymerase
(Gibco-BRL) to generate blunt ends (Sambrook et al.,
1989). The plasmid was then recircularized using 1 unit
T4 DNA ligase (Gibco-BRL) in a reaction containing 50
mM Tris–HCl (pH 7.6), 10 mM MgCl2, 1 mM ATP, 1 mM
DTT, and 5% polyethylene glycol-8000 and incubated at
14°C overnight.
dsSIN virus production
dsSIN Virus production has been described (Higgs et
al., 1997). Briefly, the dsSIN DNA templates were linear-
ized at the XhoI site and transcribed in vitro from the
bacteriophage SP6 promoter (Rice et al., 1987; Powers et
al., 1994). A capping analog [m7G(59)ppp(59)G; Ambion,
Inc. Austin, TX] was added to each transcription reaction
at a concentration of 1.0 mM. The RNA products were
electroporated (BTX Inc., San Diego, CA) into BHK-21
cells at 500 V, 100 mF, and 720 ohm for a duration of
approximately 0.8 ms. The cells from each electropora-
tion reaction were immediately seeded into 25-cm2 cell
culture flasks with 5 ml of L-15 medium containing 10%
fetal bovine serum and incubated at 37°C for 24–30 h.
dsSIN viruses were harvested from the medium and
titrated in BHK-21 cells using an end-point assay (Higgs
et al., 1997).
cDNA synthesis and cloning of MRE16 26S RNA
Total RNA was extracted from MRE16-infected C6/36
cells using a modified guanadinium isothiocyanate pro-
tocol and silica-based spin columns (Chomczynski and
Sacchi, 1987; RNeasy Total RNA System, Qiagen, Santa
Clarita, CA). Double-stranded viral cDNA was synthe-
sized by RT/PCR amplification of the purified RNA. First-
strand priming was accomplished using either oligo-
dAG(T)20 or conserved virus-specific primers and Super-
script II reverse transcriptase (Stratagene, LaJolla, CA)
per the manufacturer’s instructions. For subsequent PCR
TABLE 3
SIN virus
Blood meal titer
(TCID50/ml)
Head tissue/immunofluorescence
results
Positive Total Percent positive
TE/392J 108 9 80 11.3
MRE16 107 77 80 96.3
MRE1001 107 73 80 91.3
Note. Mosquitoes displaying virus dissemination 14 days after in-
gestion of blood meal containing TE/392J, MRE16, or chimeric MRE1001
virus. The detection of SIN E1 antigen in head tissues by an indirect
immunofluorescence assay indicated virus dissemination.
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amplification, primers were designed from regions of SIN
conserved sequence or from the previously ascertained
MRE16 sequence (Fig. 1). PCRs were performed in a
50-ml reaction mix consisting of 5–10 ml of first strand
product, 100 pmol forward and reverse primers, 0.2 mM
dNTPs, 2.5 mM MgCl2, 50 mM KCl, 10 mM Tris–HCl (pH
9.0), and 0.1% Triton X-100. The PCR profile consisted of
denaturation at 95°C for 5 min followed by 25 cycles of
amplification with 2 U rTth polymerase (Perkin–Elmer,
Foster City, CA); 94°C/1 min, 56–57°C/30 s., 72°C/2–3
min, and a final extension with 1U Taq polymerase (Pro-
mega, Madison, WI) at 72°C/10 min. The PCR products
were inserted into the TA vector, pCR 2.1 (Invitrogen,
Carlsbad, CA) and served as sequencing templates. Four
overlapping cDNA clones, designated pMCAP, pME1,
pME2, and p39NCR, were constructed (Fig. 1).
Sequence analysis of MRE16 26S RNA
DNA sequencing was performed using the cDNA
clones as template, an ABI 377 DNA Sequencer (Perkin–
Elmer), Taq FS polymerase (Perkin–Elmer), and a modi-
fied dideoxy protocol (Sanger et al., 1977). The strategy
used in sequencing is outlined in Fig. 1. The ends of each
cloned cDNA segment were sequenced using plasmid-
specific primers complementary to SP6, T7, or M13 pro-
moters. Primers for succeeding reactions were designed
from previously determined sequence with the aid of
Oligo version 4.0 computer software and chosen to pro-
vide a minimum of 50 nucleotides of overlap. Subsequent
sequencing was performed in both directions using
primers designed from previously determined MRE16
sequences. DNA sequence analyses were aided by the
use of SeqAid II, version 3.6, to align contiguous
stretches of sequence data.
Construction of MRE1001 infectious cDNA clone
pMRE1001 was constructed from pMCAP, pME2, and
pME1, which contained overlapping cDNAs encoding the
structural proteins of MRE16 virus (Fig. 2). cDNAs from
pMCAP and pME2 were digested with XmnI utilizing
restriction endonuclease sites in the MRE16 E2 gene
and pCR 2.1. Ligation of the XmnI E2 fragment of pME2 to
the pMCAP XmnI sites formed an intermediate plasmid,
pMCAP/E2. pMCAP/E2 and pME1 were then digested
with SalI and BamHI utilizing unique restriction endonu-
clease sites in the MRE16 6K gene and pCR 2.1, respec-
tively. Ligation of the E1 SalI/BamHI fragment of pME1 to
the pMCAP/E2 SalI/BamHI sites formed a plasmid,
pMCAP/E2/E1, which contained the complete sequence
of the MRE16 virus structural genes. Forward and re-
verse primers were synthesized that could PCR amplify
the entire cDNA sequence of pMCAP/E2/E1. Each primer
contained XbaI sequences at their 59 ends. The PCR
product was then inserted into the XbaI site of pSINrep5
(Bredenbeek et al., 1993) to generate pMRE1001. The
nucleotide sequence of pSINrep5 is identical to that of
pTE/392J except that the replicon lacks the viral structural
gene sequences and the sequences constituting the
second subgenomic promoter (Bredenbeek et al., 1993;
Xiong et al., 1989). We then sequenced specific regions
of pMRE1001 to confirm the presence of MRE16 struc-
tural genes in the clone. Chimeric virus was produced as
described for production of dsSIN viruses.
Mosquitoes and per os infections
Ae. aegypti (RexD) mosquitoes originating from Rex-
ville, Puerto Rico (Centers for Disease Control and Pre-
vention, Fort Collins, CO) were reared at 28°C, 80%
relative humidity, and photoperiod of 16L:8D. Prior to per
os infections of mosquitoes, viruses were amplified in
C6/36 cells as previously described. One milliliter of
supernatant containing virus was mixed with 2.0 ml of
defibrinated sheep blood (Colorado Serum Co., Boulder,
CO). The blood–virus mixture was warmed to 37°C and
pipetted into the chamber of a water-jacketed (37°C)
glass membrane feeder (Higgs and Beaty, 1996). Five to
seven days after emergence, adult mosquitoes were
allowed to feed for 1–2 h. Blood meal samples were
collected pre- and postfeeding for virus titration. Follow-
ing the blood meal, mosquitoes were cold anesthetized
and only fully engorged individuals retained.
Analysis of midgut infections and virus dissemination
Ae. aegypti infection was measured by the ability of a
virus to infect and disseminate from the mosquito midgut
after an extrinsic incubation period of 7–14 days. Dis-
sected midguts were fixed to glass slides and analyzed
by an immunofluorescence assay (IFA) for the presence
of SIN E1 antigen (Olson et al., 1996). Virus dissemination
was reported as the percentage of infected mosquitoes
displaying SIN E1 antigen in head tissues using IFA
(Olson et al., 1996).
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